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Abstract
Additive manufacturing (AM) is a cyclic manufacturing process to create three-dimensional objects layer-by-layer directly from a 3D CAD 
model. Today AM processes like SLM and SLS are already suitable for direct part production. The processes have little restrictions regarding 
the shape of the object. The challenge to a designer is to use the unique characteristics of additive manufacturing in the development process to 
create an added value for the manufacturer and the user of a product. This paper presents two design strategies to use additive manufacturing’s 
benefits in product development. A manufacturing driven design strategy allows a substitution of manufacturing processes at a later stage of the 
product life cycle, while a function driven design strategy increases the performance of a product. The choice of strategy has great impact on 
the development process and the design of components. Two cases are presented to explain and illustrate these design strategies.
© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Additive Manufacturing (AM), or 3D printing as it is 
referred to in the media, is a group of manufacturing 
technologies which are capable to produce complex, three-
dimensional objects without the need for individual tooling. 
Since the beginning of the 1980s additive manufacturing 
evolved from the first processes for the rapid production of 
prototypes into a number of different processes of which some 
are capable of direct part production. Today processes like 
selective laser melting (SLM), selective laser sintering (SLS) 
and with some limitations fused deposition modelling (FDM) 
are capable to produce direct parts in end-user quality out of 
metal or thermoplastics. Additive manufacturing processes are 
technologically mature for industrial production and due to a 
rising competition between service providers additive 
manufacturing becomes economically feasible for a growing 
number of industrial and end-user applications [1]. From a 
design perspective the challenge of additive manufacturing is 
to understanding the limitations and opportunities of these 
new processes and to use them in the right applications. This 
paper supports the designer to select a suitable design strategy 
for the development of new products and the improvement of 
existing ones.
2. Additive manufacturing processes
Before a designer is able to create a truly additive design 
he needs to understand the characteristics of additive 
manufacturing. The common standard of ASTM and ISO 
defines additive manufacturing as a manufacturing process to 
produce three-dimensional objects by adding material layer-
by-layer. The production is based on a 3D model which is 
digitally sliced into layers. [2]
There is a growing number of AM processes available with
different processes to join material. Each process is limited to 
one type of material and only few are able to process more 
than one material e.g. thermoplastics of different color [3,4]. 
In the last decade the maturity of these processes was largely 
increased due to research on new materials, development of 
better equipment and a deeper understanding of the processes 
which led to robust and stable processes [4]. From an 
industrial perspective processes capable of producing robust 
parts with high strength and long-term stability are most 
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relevant, because they allow the direct production of end-user 
parts.
Two processes which meet this requirement are Selective 
Laser Melting (SLM) for metallic parts and Selective Laser 
Sintering (SLS) for thermoplastics. Both processes are based 
on the principle of powder-bed fusion. Figure 1 depicts the 
cyclic process consisting of applying a layer of powder,
solidifying the powder with the energy of a laser beam and 
lowering the powder-bed for the next layer to be applied.
Parts produced by SLS and SLM have similar material 
properties compared to conventional parts of the same 
material. There is a slight anisotropy between the strength in 
build direction and the ones in perpendicular directions, but 
this is usually neglected in design. [6, 7]
Fused Deposition Modelling (FDM) follows a different 
principle. A thermoplastic filament is extruded through a 
heated nozzle and placed on the previously build portion of 
the part. The mechanical properties of FDM parts are highly 
anisotropic and this should be respected in design. [8, 9]
3. Benefits of Additive manufacturing
The advantages of additive manufacturing as a 
manufacturing technology mainly derive from the basic 
principle of adding material in a cyclic process based on a 3D 
CAD-model without the need for any tools or fixtures. This 
basic principle has two effects on manufacturing costs. 
First of all a complex three-dimensional object is broken 
down into simple two-dimensional manufacturing steps. 
Therefore the complexity of the part no longer dominates 
manufacturing time and costs. The complexity has some
influence on the amount of support structures required in 
SLM and FDM, but it is not as dominant as in conventional 
processes. This is commonly referred to by the term 
complexity for free.
The second major difference between AM and 
conventional processes is the limited impact of lot size on 
manufacturing cost and lead time. Additive Manufacturing is a 
CAD driven process without the need for individual tooling or 
CAM programming. Without this upfront investment in 
production means producing a number of identical parts or the 
same amount of individual items takes the same effort. This 
cost advantage at small lot sizes allows the production of 
single parts and mass customization at reasonable costs.
Great expectations were raised in the past on how additive 
manufacturing will change the landscape of manufacturing 
[10]. Despite the quality of the produced parts and the 
growing productivity of the equipment it is unlikely for 
additive manufacturing to substitute traditional manufacturing 
processes in general [11]. Instead additive manufacturing is 
already a valuable extension to existing production 
technologies. The processes offer an almost unlimited 
freedom in design and an economic production of individual 
parts and by this AM helps to overcome the limitations of 
conventional processes. At the same time additive 
manufacturing is often more expensive compared to the costs 
per part volume of conventional processes. The challenge for 
a designer is to identify parts and assemblies where using the 
freedom of design creates an added value and by this 
justifying the additional costs of additive manufacturing.
A literature review reveals a number of different 
approaches to describe and cluster the benefits of additive 
manufacturing. Based on example of end products Gebhard 
(2013) demonstrates the larger freedom in design, which 
enables the integration of functions and the use of innovative 
design elements, a simple way of mass customization as well 
as a way to create novel materials and innovative 
manufacturing strategies [3]. Wohlers (2013) clusters direct 
part production into reduction of tooling, agile manufacturing 
operations, reduction in inventory, decentralized 
manufacturing, part consolidation, light weighting und lattice 
structures. He derives these clusters from case studies which 
also demonstrate that additive manufacturing is already 
capable to produce industrial goods [4]. Other publications, 
like Gausemeier et al. (2012) and Uglow et al. (2013), further 
distinguish the potential benefits of additive manufacturing 
between different applications or industries[11, 12].
4. From AM benefits to selection criteria
To use the benefits of additive manufacturing it is 
necessary to identify parts in a product where additive 
manufacturing’s benefits create the most value to the 
customer. Companies continuously develop their products in 
order to maintain their market position. The objective behind 
product improvements or optimizations may vary. Typical 
examples are an increase of performance, a better efficiency 
or the reduction of costs.
One possible route to an improved product is a change of 
production technology. Additive Manufacturing is a young 
production technology which is deemed to offer new ways in 
product development. Today additive manufacturing 
processes are proven manufacturing technologies for serial 
products for industrial and end user applications [11]. 
Designers should consider using the advantages of additive 
manufacturing to create an added value for the user of their 
product.
Studying cases of successful AM parts and reading about 
its benefits might inspire designers for new designs, but it 
doesn’t provide guidance in finding the right applications for 
additive manufacturing within the product portfolio of a 
company. A designer might even feel swamped by the 
multitude of possibilities and it clearly is difficult for him to 
Fig. 1. Additive manufacturing by laser-based powder-bed fusion [5]
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use the described cases of successful applications to solve a 
specific task. This is especially true for the first step on the 
way towards an additive manufactured part: to select the right 
part of a specific product to be manufactured by AM either 
without any changes or after a re-design. This decision is even 
more difficult for the large number of companies, which have
not used additive manufacturing yet and therefore have no 
experience from previous AM projects.
The authors of this paper follow the approach to assist 
companies during the development of a first additive 
manufactured part for a serial product in order to build up 
knowledge and experience within their organization. They 
presented in Leutenecker et al. (2013) and Klahn et al. (2014) 
a guiding principle for the identification of suitable parts and 
assemblies in an existing design, as well as during the 
development of a product from scratch [13, 14]. The 
identification is done by the designers, because they are the 
experts for the systems and have detailed knowledge on the 
functions of the components as well as on the challenges of 
the application. The guiding principle clusters the potential 
benefits of additive manufacturing in four selection criteria 
based on the main objective of the design for additive 
manufacturing: integrated design, individualization, 
lightweight design and efficient design. The goal of the 
selection criteria is to reduce the multitude of potential 
benefits to four criteria which are easy to comprehend and 
memorize. 
The four selection criteria were taught in trainings and at 
public events. They were presented together with industrial 
case studies to demonstrate the application of the criteria in 
the selection process and to give the audience an inspiration 
for designing a successful additive manufactured part in their 
company. The selection criteria proved to be useful in a 
number of industrial and academic projects. A very positive 
feedback was given by development projects that started from 
scratch or targeted a specific challenge in a given design. In 
these projects the selection criteria led the designers to parts
and assemblies where a change of production technology
gives additional freedom in design to tackle challenges. In 
these scenarios the number of parts in scope is limited and the 
people involved in the development project are familiar with 
the design, therefore they were able to perform a manual 
selection process.
In other projects the task was to screen the whole product 
portfolio of a small or medium sized company. More people 
were involved in these projects and the number of parts in 
scope was higher. To cope with a screening process of this 
scale the task was handed down to departments to reduce the 
scope for each group involved in the project. Each department 
received a presentation with instructions on additive 
manufacturing and the use of the selection criteria and a 
template to describe the identified parts. The template 
summarized the profile of each part and contained basic data 
like part dimensions, material and lot size plus a description 
of the expected benefits from changing the production to 
additive manufacturing. A group of additive manufacturing 
experts evaluated the profiles and categorized them in four 
groups: 
x a design for additive manufacturing will bring a benefit, 
x risks and expected benefits of additive manufacturing 
require a closer evaluation, 
x the part can’t be manufacture by AM in the near future 
because of dimensions, costs or other restrictions, and
x parts with no expected benefits.
The last category of parts with no benefits is usually was 
void after the evaluation. Therefore it is included here mostly 
for completeness.
The experience gained from the screening projects shows 
clearly that the selection criteria are well suited for small and 
medium sized projects, where the focus is on solving a 
problem with the advantages of additive manufacturing. 
Larger Projects to screen the products of a whole company are 
of a different type, because of its size and also the focus shifts 
towards finding problems for a given solution. Here the 
quality of the results depends too much on having dedicated 
persons throughout the company. 
To improve the screening process the search has to become 
more systematic and the criteria need to be more detailed. 
This will allow a pre-selection based on data in an Enterprise 
Resource Planning (ERP) database. A general characteristic 
of such an ERP based selection is that it only points to a 
possible application for AM. The evaluation of the indicated 
parts or assemblies remains with a skilled professional. He 
will assess the potential of additive manufacturing with 
respect to the application and the user’s requirements.
5. Design strategies for AM
The identified components, whether they are from an 
existing or novel product, can use the benefits of additive 
manufacturing by following two different design strategies.
This choice determines the development process and should 
be made carefully. Either the designer uses additive 
manufacturing only as a manufacturing technology with cost 
benefits at complex parts and small lot sizes, or he also uses 
the advantage of AM’s little restrictions on manufacturability. 
To clarify the different nature of these strategies and highlight 
the implications of the choice made both are explained in the 
following.
5.1. Manufacturing driven design strategy
The manufacturing driven design strategy uses additive 
manufacturing as a production technology. In this strategy the 
benefits of using additive manufacturing are derive from a 
substitution of manufacturing processes. By following the 
manufacturing driven design strategy the designer maintains a 
conventional design and complies with the design rules of 
other manufacturing technologies. 
Rapid Prototyping was the first application of additive 
manufacturing and uses AM’s process advantages. A part, 
designed for conventional production, is manufactured 
additively for time and cost reasons during the development 
process. [4]
The manufacturing driven design strategy can also be used 
in series production especially to mass customize a product. 
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Very prominent examples are additive manufactured dental 
implants [15]. The shape of implants was not altered when 
going from conventional casting or milling processes to 
additive manufacturing. The dental labs only use the 
flexibility of AM to produce an individual, freeform object for 
each patient at lower costs. 
Another example of a manufacturing driven design 
strategy is the direct production of thermoplastic parts. 
Without the need to invest in an injection molding tool small 
series for niche markets become economically feasible. 
Companies can also reduce the risk of the ramp up of a new 
product. Instead of ordering a mold upfront the product is 
launched with additive manufactured components. The 
company can easily adjust the design according to the 
feedback of the first customers. Once the product is
successfully launched and a stable design is reached, the 
production can be scaled up and transferred to a mass 
production process like injection molding. This transfer is 
only feasible, if the design complies with the design rules of 
the conventional manufacturing process.
5.2. Function driven design strategy
The function driven design strategy exploits the 
characteristics of AM to improve the functions of a product. 
Using the full potential of additive manufacturing‘s freedom 
in design usually rules out the transfer to conventional 
manufacturing without major adjustments to the design.
The decision for additive manufacturing of the end product 
should be made at the beginning of the development process. 
At this point in time only few limitations are defined and the 
design can follow the functions of a part. The resulting design 
often contains complex internal structures or integrated joints 
which are impossible to manufacture conventionally. An 
example for such a design is the medical device for 
shockwave therapy which was presented in Klahn et al. (2014) 
and is depicted in figure 2. Handling properties, assembly and 
shockwave generation were largely improved by using the 
freedom in design of additive manufacturing [14].
6. Case studies on the design strategies
Two case studies are described in the following to illustrate 
the different nature of manufacturing driven and function 
driven design strategies. The first case presents an add-on for 
whiteboard markers which is conventionally designed and 
benefits from the option to change between conventional and
additive manufacturing. The second case study describes a
function oriented re-design of a jigsaw base.
6.1. Case study of a manufacturing driven design strategy
The case of the Memox cap for whiteboard markers
describes the manufacturing driven design strategy. The 
purpose of this add-on is to enable an intuitive and easy to use 
way to place a marker on a whiteboard. The solution provided 
by the Memox is a little add-on for the marker that attaches a
magnet to the tip of a cap. The basic requirements of the 
product development process were to attach the pen to the 
whiteboard and to be easily adaptable to any commercially 
available board marker. 
During the development of the add-on a Fused Deposition 
Modeling (FDM) printer was used for short iterations. 
Different designs with variations of magnets and shapes where 
created for handling tests. A small series of 50 pieces was 
produced by Selective Laser Sintering of PA12 for the first 
customer acceptance test in an office environment. The initial 
design is depicted in figure 3.
Selective Laser Sintering was chosen because the 
robustness of FDM parts was only sufficient for prototypes in 
the development phase and injection molding involves high 
tooling costs. The customer test showed a good handling and 
usage of the marker, but the writing performance of the 
marker deteriorated quicker than usual. An analysis identified 
the improper storage of the markers on the whiteboard as the 
root cause for the shorter product life. Due to the 
hemispherical shape of the initial design the tip of the marker 
points upwards and this leads to premature drying out. This 
was be remedied by a change of cap and magnet geometry. 
The final design of the add-on cap ensures a horizontal 
position of the marker. Both the hemispherical initial design 
of the cap and the cylindrical final design are shown in figure 
3 together with the resulting orientation of the marker on a 
whiteboard.
The short iterations of the design and the first costumer test 
allowed a short development time and a robust design at the 
start of series production. Finding the right manufacturing 
technology for a quick ramp-up of this innovative product was 
the next step. For the successful launch of the product into the 
market a rapid availability of the product at a competitive 
price is important. A direct comparison shows significant 
difference in the cost. To create reliable date on manufacturing 
costs different companies were asked for a quotation to 
produce a pilot series of given numbers of caps in less than 3 
month. The offers are summarized in figure 4. The AM 
service provider offered to produce the add-on caps in SLS. 
Prototype tooling companies (1) and (2) offered injection 
molded prototypes, with a delivery time of three weeks. These 
Fig. 2. Additive manufactured shockwave reflector of a medical device [13]
Fig. 3. Initial board marker cap design (bottom) and design after customer 
feedback (top)
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three companies offered only the production and delivery of 
parts. The forth company is a mold manufacturer for series 
production and offered an injection molding tool made from 
tooling steel and also to produce the parts. Due to the higher 
complexity of an injection molding tool for series production a 
delivery time of 3 months is expected. 
Figure 4 shows clearly that the cost of a pilot series of 
1 000 pieces is significantly lower with AM (SLS) than with 
injection molding. In the presented case even the AM 
production of up to 10 000 units is more favorable than 
injection molding. At higher batch sizes the investment in 
tooling pays off and conventional injection molding is more 
favorable in costs. 
At this point the importance of distinguishing between 
manufacturing driven and function driven design strategies
becomes clearer. The design of the add-on caps complies with 
the rules of conventional manufacturing methods, in particular 
the ones for injection molding. This allows changing the 
production process for mass production of the Memox add-ons 
for board markers.
Finally, it should be noted that this case shows clearly that 
additive manufacturing is not limited to product development 
and testing. Especially for the launch of a product its high 
flexibility and cost advantages for smaller quantities make 
additive manufacturing a suitable method for the series 
production. When a transfer to conventional manufacturing is 
planned at a later stage, it is advised to choose a 
manufacturing driven design strategy.
6.2. Case study of a function driven design strategy
Deciding at the beginning of a development process to use 
additive manufacturing as the only production technology 
allows full use of the design advantage of AM. The following 
re-design of a commercially available jigsaw’s base illustrates 
this approach. An initial analysis of the sawing process 
revealed that the sawdust blower of the jigsaw provides a clear 
view on the cutting line. The installed saw dust extraction, 
however significantly reduces the sawdust transport and thus 
contaminates the work piece with a considerable amount of 
sawdust. One reason for this is the positioning of the blower 
and extractor openings on the evaluated jigsaw model. Both 
are located in the body of the jigsaw, behind the jigsaw blade 
and well above the work piece. The goal of the re-design was 
to improve these functions by relocating or redirecting both 
the sawdust blower and the dust extraction from the jigsaw 
body in the base. As an additional function a valve for the dust 
blower was implemented in the jigsaw base. The air comes 
from the body of the jigsaw and is either directed to the 
cutting area or vented at the side of the base.
First simple test with this arrangement showed a significant 
reduction in pollution on the work piece. Based on these
results, the positioning of the ducts in the re-design of the 
jigsaw base was carried out. The function oriented design is 
depicted in figure 5. By positioning the sawdust blower 
directly opposite of the extraction both act in the same 
direction. The flow of air transports the sawdust into the 
extraction and the performance of the system is improved.
It was decided to design the base to be manufactured by 
Selective Laser Melting (SLM). In this process all 
overhanging structures above a certain angle require support 
structures. The ducts are designed with triangular cross-
section to avoid support structures and a costly removal of 
these structures during post processing. The integrated valve
in the channel of the dust blower needs support for the lever 
on the outside and at the internal gate. A downward tapering is 
added to lever and gate to reduce the amount of support to a
linear support structure. The supports of the lever on the 
outside of the base can be removed easily. To remove the 
support structure of the internal valve gate, a shear edge has 
been integrated into the component as seen in figure 6. This 
allows the shearing of the support structure from the gate 
valve at the first full opening of the gate.
After the design of the jigsaw base a prototype is produced 
in SLS and tested. A benchmark of the dust blower and 
extraction shows that over 95% of the sawdust on the work 
piece surface is removed by the optimized jigsaw base 
compared to the conventional base.
Fig. 4. Costs per unit of different lot sizes and manufacturing processes
Fig. 5. Function oriented design of internal ducts
Fig. 6. Detail of the valve gate
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The design of the jigsaw base is driven by the optimal 
performance of the functions. The few process restrictions of 
additive manufacturing, like the need to support overhanging 
structures, are circumvented by design features like the 
triangular ducts. Currently design rules for various additive 
manufacturing processes are under development to assist 
designers in this task [16, 17]. A designer is strongly advised 
to comply with these rules to ensure a stable and cost efficient 
manufacturing process. The improved jigsaw is easy to 
manufacture additively and requires little post processing, but 
at the same time it is impossible to manufacture it 
conventionally.
The case of the jigsaw base clearly shows that the decision 
for a function driven design strategy was also a decision for 
additive manufacturing and against the option to change back 
to conventional manufacturing. The impact on the design of 
the product is considerable, because it allows a radical focus 
on the function, in the presented case on the optimal 
transportation of sawdust, and improves the performance of 
the product.
7. Conclusion
The continuous development of additive manufacturing 
processes keeps extending their capabilities and reduces 
manufacturing costs. Additive manufacturing becomes an 
established manufacturing process for serial products in a 
growing number of industrial sectors. Although it is unlikely 
to substitute conventional manufacturing in general, AM’s 
unique characteristics are a valuable contribution to the 
portfolio of production technologies.
Currently the integration of additive manufacturing into 
industrial processes, on the shop floor as well as in product 
development, is only at the beginning. To help this process 
two strategies for product development are presented here. 
After identifying a component for additive manufacturing the 
designer has to choose between a manufacturing driven and a 
function driven design strategy. This is an important decision, 
because each path has benefits and disadvantages. In the 
manufacturing driven design strategy additive manufacturing 
is primarily used as a manufacturing technology with cost 
benefits at complex shapes and small lot sizes. This strategy 
requires a designer to comply with the design rules of 
conventional manufacturing. Once the situation of the product 
changes, e.g. the product is established in the market and sales 
increase, the production can easily be transferred to a different 
manufacturing process. 
A function driven design strategy goes the opposite 
direction. The designer neglects all conventional design rules 
and designs the part only according to the functions of the 
component and the requirements of the AM process. The 
resulting design can only be produced by additive 
manufacturing and a change of production requires a major
re-design. The benefits of this design strategy are a much 
better performance of the product in terms of weight, 
efficiency and the numbers of parts in the assembly. Both 
approaches were demonstrated by cases.
The chosen design strategy has also implications on the 
process to identify parts and components for additive 
manufacturing. In a manufacturing driven design strategy the 
performance of the product is independent of the 
manufacturing process. Therefore the business case of the 
selection process requires only cost and lead time estimations 
of the production processes. A business case for a function 
driven design has to take into account, that the shape and 
performance of the product will change a lot during the 
development process. This makes the upfront estimation of 
the production costs difficult and the improved performance 
might also create more revenue. 
The awareness of the two very different design strategies 
for additive manufacturing will help the designer to make 
informed decisions on the route of the development process.
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